The power generation capacity of piezoelectric energy harvesters (PEHs) is not only related to the properties of the piezoelectric material, the vibration magnitude and the subsequent conditioning circuit, but also to the fixation modes and adjustment methods. In this paper, a commercial piezoelectric ceramic plate (PCP) in simply supported beam fixation mode and cantilever beam fixation mode were analyzed through finite element simulations and experiments, and furthermore, two ways of adjusting the natural frequency of PCP are studied and compared. As a result, some guidelines are proposed for the application of PCPs according to the simulation and experimental results which showed that: (1) the simply supported beam fixation mode is suitable for environments in which the exciting frequency exceeds 50 Hz, while the cantilever beam fixation mode fits the circumstance where the exciting frequency is below 50 Hz; (2) the maximum generation power a PCP produces in simply supported beam fixation mode is larger than that in cantilever beam fixation mode; (3) adjusting the weight of the mass block affixed on the PCP can change the natural frequency of PCP more efficiently than length-width ratio does.
Introduction
In recent years, the fast development of microelectronics and wireless communication technology has promoted the wide use of wireless sensor networks (WSNs), however, batteries are needed to power the wireless sensor nodes, and must be recharged or replaced when their capacity is low, which is a prominent drawback in the development of WSNs. Many scholars have prosed ways to scavenge energy from the ambient environment to powerwireless sensor nodes, which represents a reasonable solution to the problem. Nowadays, studies on ambient energy scavenging technology are developing very fast [1] . These energy capture technologies include solar energy capture technology, wind energy capture technology, electromagnetic energy capture technology and vibration energy capture technology, etc. [2] . Among these technologies, solar energy capture and wind energy capture technologies have been studied for decades, and great developments have been achieved [3, 4] , however, these two important energy harvesting methods require certain conditions (i.e., sunlight or wind must exist), besides, the volume of devices used by these two energy harvesting methods are relatively large in size, causing inconvenience in some application areas, such as mine data acquisition and other dark sealed places. Electromagnetic energy is spread almost everywhere around the world, but its energy density is rather low and unstable [5, 6] . Vibration energy harvesting is a fast developing field due to the wide availability of vibration sources and various ways of harvesting them, and relatively high conversion efficiency [7] . Nowadays, three methods to collect the vibration energy are considered to be most promising, namely, the capacitive method, the electromagnetic induction method and the piezoelectric method [8] . A comprehensive comparison of these three different methods suggests that the piezoelectric method is simple, the devices are easy to manufacture and they have high output voltages, which makes it the most reasonable choice in the vibration energy harvesting field [9] . So far, many scholars have done a lot of work and made incredible achievements in the piezoelectric energy harvesting field. As early as 2001, Shenck et al. [10] from the Massachusetts Institute of Technology successfully developed electrical power generating sports shoes utilizing a piezoelectric plate. Ottman [11] studied the performance of a variety of subsequent conditioning circuits for piezoelectric energy harvesters. In 2010, the Linear Technology Company designed and produced the integrated LTC3588 chip, which is specially designed for micro energy collection in the ambient environment. Zhou et al. [12] [13] [14] abandoned the conventional way of using mechanical vibrations as the excitation source and adopted wind or a flowing fluid to excite PCPs, which expands the PCP application field. Xu et al. [15] [16] [17] adjusted the structure aspects of the PCP in order to maximize the power generation capacity. Abdelkefi et al. [18] studied through theoretical analysis and finite element method simulations a special electromechanical model in which the piezoelectric sheet does not cover the whole substrate beam. By quantifying the compromise between the length of the piezoelectric material, the load resistance, and the excitation frequency, the performance of beam-mass system was optimized. Abdelkefi et al. also designed a new structure which can produce both bending and torsion in PCPs to enhance their power generation, and the results showed that the harvested power can be increased by as much as 30% compared with sedigns where beam only undergoes bending [19] . Sharpes et al. [20, 21] created a totally new zigzag-dimensional beam with a low volume and compared its power generation capacity with that of a conventional beam. It turned out that the new zigzag-dimensional beam can provide a significant increase in power. Tang and Abdelkefi et al. [22] [23] [24] proposed and studied a new PCP structure with a magnet. With the help of the magnet, a broad operating bandwidth of the energy harvester was studied, especially in low frequency. As shown above, no matter what the excitation source is, mechanic vibration or fluid vibration, cantilever beams for PCPs are the most commonly used fixation mode, while the simply supported beam fixation mode is rarely adopted. Gafforelli et al. [25] displayed a bridge-shaped energy harvest which actually is a PCP in simply supported beam fixation mode, but they did not study the influence(s) of the mass block and length-width ratio on the power generation of the PCP in simply supported beam fixation mode, and no comparisons between bridge-shaped PCPs and ordinary PCPs in cantilever beam fixation mode were discussed. Besides, adding a mass block on a PCP is often adopted to change its natural frequency, but other methods such as changing the length-width ratio of PCP are scarcely reported. Both the simply supported beam fixation and the influence of length-width ratio have not been comprehensively studied, so in this paper finite element simulations and experiments were performed to figure out how the fixation mode and the adjustment method influence the power generation capacity of a PCP.
Model Parameters
A commercial PCP was adopted as the simulation model. As shown in Figure 1 , this PCP is composed of a copper plate and two piezoelectric patches. The two piezoelectric patches are affixed on the two sides of the copper plate via glue, making the PCP produce twice the quantity of electrical power as the design with only one piezoelectric patch does, thus the PCP parallel connection method is often selected to produce large currents in practical applications.
The parameters of each material in the PCP are shown in the Table 1 . The copper plate material is copper CW617N, and the mass block is nickel. The material parameters of the copper plate and mass block include Young's modulus, Poisson ratio and density, and the material parameters of piezoelectric patch include elastic coefficient matrix, piezoelectric matrix and dielectric constant matrix [26] . Element solid45 is taken to mesh the copper plate and mass block in ANSYS, meanwhile, coupled field element solid5 is selected to mesh the piezoelectric patch.
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In the simulation part, modal analysis was carried out first to get each order natural frequency of the PCP, and then harmonic response analysis was adopted to get the voltages generated by the PCP under the harmonic force. Before starting the harmonic response analysis, the harmonic force and frequency range need to be defined. The harmonic force was set to 0.5 N in every harmonic response analysis and frequency range was keeping near the natural frequency of PCP acquired in modal analysis. With the help of harmonic response analysis, the information of stress, displacement and voltage, etc. at any position of the PCP can be obtained after calculation. Voltages on the top side of the piezoelectric patch are recorded during each harmonic response analysis in this paper. The process of acquiring voltage is as follows: first, each side of the piezoelectric patch is coupled to be completely in voltage. Next, the voltage on the bottom side is set to 0 V as GND. Finally, the voltage on the top side is extracted via command NSOL (a command stream in ANSYS) after calculation and displayed versus exciting frequency.
Simulation of Simply Supported Beam Fixation Mode
For the convenience of simulations and experiments, only one end of the PCP in simply supported beam fixation mode is fully restricted, and the other end is restricted in the Y and Z directions in order to produce larger horizontal movements when the PCP deforms. Figure 2 displays the model switch of the simply supported beam model. Two adjustment methods, mass block affixed on the PCP and length-width ratio of the PCP, are analyzed in our simulation under simply supported beam fixation mode. In the simulation of simply supported beam fixation mode, the size of the piezoelectric patch is 50 mm × 50 mm, and it remains constant during the simulation process. First, the weight of the mass block affixed on the center of In Table 1 , D, e, ε is elastic coefficient matrix, piezoelectric matrix and dielectric constant matrix respectively and their values are as follows: In the simulation part, modal analysis was carried out first to get each order natural frequency of the PCP, and then harmonic response analysis was adopted to get the voltages generated by the PCP under the harmonic force. Before starting the harmonic response analysis, the harmonic force and frequency range need to be defined. The harmonic force was set to 0.5 N in every harmonic response analysis and frequency range was keeping near the natural frequency of PCP acquired in modal analysis. With the help of harmonic response analysis, the information of stress, displacement and voltage, etc. at any position of the PCP can be obtained after calculation. Voltages on the top side of the piezoelectric patch are recorded during each harmonic response analysis in this paper. The process of acquiring voltage is as follows: first, each side of the piezoelectric patch is coupled to be completely in voltage. Next, the voltage on the bottom side is set to 0 V as GND. Finally, the voltage on the top side is extracted via command NSOL (a command stream in ANSYS) after calculation and displayed versus exciting frequency.
For the convenience of simulations and experiments, only one end of the PCP in simply supported beam fixation mode is fully restricted, and the other end is restricted in the Y and Z directions in order to produce larger horizontal movements when the PCP deforms. Figure 2 displays the model switch of the simply supported beam model. Two adjustment methods, mass block affixed on the PCP and length-width ratio of the PCP, are analyzed in our simulation under simply supported beam fixation mode. In the simulation of simply supported beam fixation mode, the size of the piezoelectric patch is 50 mmˆ50 mm, and it remains constant during the simulation process. First, the weight of the mass block affixed on the center of PCP works as the variable to study the influence of the mass block. Then, the ength-width ratio of the piezoelectric patch is taken as variable to study its influence, and during this step, no mass block is affixed on the PCP. Each order natural frequency of PCP can be acquired through modal analysis and the first order was selected as the natural frequency of PCP. Maximum output voltages corresponding to specific weights of mass block or length-width ratios can be obtained via harmonic response analysis. The harmonic force exerted on the node located in the center of the PCP is 0.5 N in the harmonic response analysis and exciting frequency range is set near the natural frequency of PCP gained in modal analysis. Figure 3 shows the models after meshing and defining constraints in simply supported beam fixation mode. PCP works as the variable to study the influence of the mass block. Then, the ength-width ratio of the piezoelectric patch is taken as variable to study its influence, and during this step, no mass block is affixed on the PCP. Each order natural frequency of PCP can be acquired through modal analysis and the first order was selected as the natural frequency of PCP. Maximum output voltages corresponding to specific weights of mass block or length-width ratios can be obtained via harmonic response analysis. The harmonic force exerted on the node located in the center of the PCP is 0.5 N in the harmonic response analysis and exciting frequency range is set near the natural frequency of PCP gained in modal analysis. Figure 3 shows the models after meshing and defining constraints in simply supported beam fixation mode. From Figure 4 , it is obvious that both of the natural frequency of PCP and exciting frequency at maximum voltage decrease with the increase of weight of mass block. As shown in Figure 5 , the natural frequency of the PCP and the excitation frequency at maximum voltage also drop rapidly with the increase of length-width ratio when the length-width ratio is below 1, and flattens out gradually if the length-width is more than 1. Figures 4 and 5 indicate that the exciting frequencies at maximum voltage of each PCP affixed with different mass block coincide well with the natural frequencies of the PCPs. Therefore, the exciting frequency should be set nearby the natural frequency of the PCP to obtain maximum voltage. Figure 6 demonstrates that with the rise of weight of the mass block affixed on the PCP, the maximum voltage keeps falling. Conversely, maximum voltage goes up with the increase of length-width ratio of PCP. By comparing the influences of weight of mass block and length-width ratio on power generation performance of PCP in simply supported beam fixation mode, we can conclude that: (1) It is more effective to change length-width ratio of the PCP than weight of the mass block for adjusting the natural frequency of the PCP in simply supported beam fixation mode; (2) A wider range of generated voltage can be obtained by changing the length-width ratio compared with altering the weight of mass block. PCP works as the variable to study the influence of the mass block. Then, the ength-width ratio of the piezoelectric patch is taken as variable to study its influence, and during this step, no mass block is affixed on the PCP. Each order natural frequency of PCP can be acquired through modal analysis and the first order was selected as the natural frequency of PCP. Maximum output voltages corresponding to specific weights of mass block or length-width ratios can be obtained via harmonic response analysis. The harmonic force exerted on the node located in the center of the PCP is 0.5 N in the harmonic response analysis and exciting frequency range is set near the natural frequency of PCP gained in modal analysis. Figure 3 shows the models after meshing and defining constraints in simply supported beam fixation mode. From Figure 4 , it is obvious that both of the natural frequency of PCP and exciting frequency at maximum voltage decrease with the increase of weight of mass block. As shown in Figure 5 , the natural frequency of the PCP and the excitation frequency at maximum voltage also drop rapidly with the increase of length-width ratio when the length-width ratio is below 1, and flattens out gradually if the length-width is more than 1. Figures 4 and 5 indicate that the exciting frequencies at maximum voltage of each PCP affixed with different mass block coincide well with the natural frequencies of the PCPs. Therefore, the exciting frequency should be set nearby the natural frequency of the PCP to obtain maximum voltage. Figure 6 demonstrates that with the rise of weight of the mass block affixed on the PCP, the maximum voltage keeps falling. Conversely, maximum voltage goes up with the increase of length-width ratio of PCP. By comparing the influences of weight of mass block and length-width ratio on power generation performance of PCP in simply supported beam fixation mode, we can conclude that: (1) It is more effective to change length-width ratio of the PCP than weight of the mass block for adjusting the natural frequency of the PCP in simply supported beam fixation mode; (2) A wider range of generated voltage can be obtained by changing the length-width ratio compared with altering the weight of mass block. From Figure 4 , it is obvious that both of the natural frequency of PCP and exciting frequency at maximum voltage decrease with the increase of weight of mass block. As shown in Figure 5 , the natural frequency of the PCP and the excitation frequency at maximum voltage also drop rapidly with the increase of length-width ratio when the length-width ratio is below 1, and flattens out gradually if the length-width is more than 1. Figures 4 and 5 indicate that the exciting frequencies at maximum voltage of each PCP affixed with different mass block coincide well with the natural frequencies of the PCPs. Therefore, the exciting frequency should be set nearby the natural frequency of the PCP to obtain maximum voltage. Figure 6 demonstrates that with the rise of weight of the mass block affixed on the PCP, the maximum voltage keeps falling. Conversely, maximum voltage goes up with the increase of length-width ratio of PCP. By comparing the influences of weight of mass block and length-width ratio on power generation performance of PCP in simply supported beam fixation mode, we can conclude that: (1) It is more effective to change length-width ratio of the PCP than weight of the mass block for adjusting the natural frequency of the PCP in simply supported beam fixation mode; (2) A wider range of generated voltage can be obtained by changing the length-width ratio compared with altering the weight of mass block. 
Simulation of Cantilever Beam Fixation Mode
The cantilever beam is a frequently used method compared with simply supported beam as only one end of it needs to be fixed; however, it places high demands on the material properties of the beam as it usually has a large deformation. In the simulation of simply supported beam fixation mode, the majority of the settings are consistent with the settings in a simply supported beam fixation mode, except that the mounting position of the mass block is adjusted to the unfixed end of PCP, and the harmonic force of 0.5 N is imposed on a node from the edge center of the unfixed end of the PCP. Figure 7 shows the models after meshing and defining constraints in cantilever beam fixation mode.
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(a) (b) Figure 8 indicates similar results that both of the natural frequency of PCP and excitation frequency at maximum voltage decrease with the increase of weight of the mass block. As revealed in Figure 9 , the natural frequency of the PCP and the excitation frequency at maximum voltage drop rapidly with the increase of length-width ratio when the length-width ratio is below 4, and gradually reach a plateau when the length-width ratio is greater than 4. Figures 8 and 9 illustrate the same conclusion that the exciting frequencies at maximum voltage of each PCP accord well with the natural frequencies of the PCPs. Figure 8 indicates similar results that both of the natural frequency of PCP and excitation frequency at maximum voltage decrease with the increase of weight of the mass block. As revealed in Figure 9 , the natural frequency of the PCP and the excitation frequency at maximum voltage drop rapidly with the increase of length-width ratio when the length-width ratio is below 4, and gradually reach a plateau when the length-width ratio is greater than 4. Figures 8 and 9 illustrate the same conclusion that the exciting frequencies at maximum voltage of each PCP accord well with the natural frequencies of the PCPs. 
The cantilever beam is a frequently used method compared with simply supported beam as only one end of it needs to be fixed; however, it places high demands on the material properties of the beam as it usually has a large deformation. In the simulation of simply supported beam fixation mode, the majority of the settings are consistent with the settings in a simply supported beam fixation mode, except that the mounting position of the mass block is adjusted to the unfixed end of PCP, and the harmonic force of 0.5 N is imposed on a node from the edge center of the unfixed end of the PCP. Figure 7 shows the models after meshing and defining constraints in cantilever beam fixation mode. Figure 8 indicates similar results that both of the natural frequency of PCP and excitation frequency at maximum voltage decrease with the increase of weight of the mass block. As revealed in Figure 9 , the natural frequency of the PCP and the excitation frequency at maximum voltage drop rapidly with the increase of length-width ratio when the length-width ratio is below 4, and gradually reach a plateau when the length-width ratio is greater than 4. Figures 8 and 9 illustrate the same conclusion that the exciting frequencies at maximum voltage of each PCP accord well with the natural frequencies of the PCPs. Figure 10 shows that with the increase in weight of the mass block affixed on the PCP, the maximum voltage keeps falling. The maximum voltage also rises with the increase of the PCP length-width ratio. By comparing the influences of mass block and length-width ratio in cantilever beam fixation mode, conclusions can be summarized as follows:
(1) It is more effective to change length-width ratio of the PCP than weight of the mass block for adjusting the natural frequency of the PCP in cantilever beam fixation mode. (2) A wider range of generated voltage can be achieved by changing the length-width ratio compared with altering the weight of mass block. 
Experimental Studies
Experiments with PCPs affixed with a mass block in simply supported beam and cantilever beam fixation mode were carried out by using a vibration test rig. As shown in Figure 11 , the vibration test rig is composed of upper computer software, signal controller, vibration amplifier and vibrator. Among these parts, the signal controller generates signals and transmits them to the vibration Figure 10 shows that with the increase in weight of the mass block affixed on the PCP, the maximum voltage keeps falling. The maximum voltage also rises with the increase of the PCP length-width ratio. By comparing the influences of mass block and length-width ratio in cantilever beam fixation mode, conclusions can be summarized as follows:
(1) It is more effective to change length-width ratio of the PCP than weight of the mass block for adjusting the natural frequency of the PCP in cantilever beam fixation mode. (2) A wider range of generated voltage can be achieved by changing the length-width ratio compared with altering the weight of mass block. Figure 10 shows that with the increase in weight of the mass block affixed on the PCP, the maximum voltage keeps falling. The maximum voltage also rises with the increase of the PCP length-width ratio. By comparing the influences of mass block and length-width ratio in cantilever beam fixation mode, conclusions can be summarized as follows:
Experiments with PCPs affixed with a mass block in simply supported beam and cantilever beam fixation mode were carried out by using a vibration test rig. As shown in Figure 11 , the vibration test rig is composed of upper computer software, signal controller, vibration amplifier and vibrator. Among these parts, the signal controller generates signals and transmits them to the vibration 
Experiments with PCPs affixed with a mass block in simply supported beam and cantilever beam fixation mode were carried out by using a vibration test rig. As shown in Figure 11 , the vibration test rig is composed of upper computer software, signal controller, vibration amplifier and vibrator.
Among these parts, the signal controller generates signals and transmits them to the vibration amplifier, which will drive the vibrator to work. The upper computer software can set the exciting frequency, amplitude and working mode of the vibration test rig and oscilloscope is adopted to observe the voltage generated by PCP. Figure 12 shows the PCPs fixed in simply supported beam and cantilever beam fixation mode.
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amplifier, which will drive the vibrator to work. The upper computer software can set the exciting frequency, amplitude and working mode of the vibration test rig and oscilloscope is adopted to observe the voltage generated by PCP. Figure 12 shows the PCPs fixed in simply supported beam and cantilever beam fixation mode. The harmonic force settings are a little bit different in the experiment as the vibrator test rig can not produce a programmable harmonic force measured by value of the force. If the settings of harmonic force in experiments strictly follow the settings in simulations, the characteristics of the PCP would be few as the position where the force exerted at is fixed with the vibrator. In order to get similar results to the simulation, we directly equipped the PCP with the vibrator in simply supported beam fixation mode and cantilever beam fixation mode. Then the piezoelectric model can be a simply supported beam or cantilever beam again. Data like natural frequency and maximum voltage can be acquired again. After several tries, the exciting force amplitude is set to 1 mm in the experiments and accompanied by a wide exciting frequency range since the natural frequency of the PCP model is unknown to us at first. The electric energy generated by a PCP usually cannot power ordinary loads (such as a microcontroller unit) due to its high voltage and ultra-low current, so the methods of using a load resistance to consume electric power or storing electric energy with a reservoir like a capacitor are the two main techniques to calculate the quantity of electricity. In this paper, a super capacitor was adopted to store the electric energy generated by PCP due to its high energy density, stable performance, fast-charging speed and high efficiency [27] . The alternating current (AC) needs to be stabilized by rectifying, filtering and regularizing before charging the super capacitor. For the aim to reduce electric energy loss, the step of regularizing the AC was removed. Figure 13 displays the circuit schematic diagram and its circuit board. The capacitance of the adopted super capacitor is 0.1 F. amplifier, which will drive the vibrator to work. The upper computer software can set the exciting frequency, amplitude and working mode of the vibration test rig and oscilloscope is adopted to observe the voltage generated by PCP. Figure 12 shows the PCPs fixed in simply supported beam and cantilever beam fixation mode. The harmonic force settings are a little bit different in the experiment as the vibrator test rig can not produce a programmable harmonic force measured by value of the force. If the settings of harmonic force in experiments strictly follow the settings in simulations, the characteristics of the PCP would be few as the position where the force exerted at is fixed with the vibrator. In order to get similar results to the simulation, we directly equipped the PCP with the vibrator in simply supported beam fixation mode and cantilever beam fixation mode. Then the piezoelectric model can be a simply supported beam or cantilever beam again. Data like natural frequency and maximum voltage can be acquired again. After several tries, the exciting force amplitude is set to 1 mm in the experiments and accompanied by a wide exciting frequency range since the natural frequency of the PCP model is unknown to us at first. The electric energy generated by a PCP usually cannot power ordinary loads (such as a microcontroller unit) due to its high voltage and ultra-low current, so the methods of using a load resistance to consume electric power or storing electric energy with a reservoir like a capacitor are the two main techniques to calculate the quantity of electricity. In this paper, a super capacitor was adopted to store the electric energy generated by PCP due to its high energy density, stable performance, fast-charging speed and high efficiency [27] . The alternating current (AC) needs to be stabilized by rectifying, filtering and regularizing before charging the super capacitor. For the aim to reduce electric energy loss, the step of regularizing the AC was removed. Figure 13 displays the circuit schematic diagram and its circuit board. The capacitance of the adopted super capacitor is 0.1 F. The harmonic force settings are a little bit different in the experiment as the vibrator test rig can not produce a programmable harmonic force measured by value of the force. If the settings of harmonic force in experiments strictly follow the settings in simulations, the characteristics of the PCP would be few as the position where the force exerted at is fixed with the vibrator. In order to get similar results to the simulation, we directly equipped the PCP with the vibrator in simply supported beam fixation mode and cantilever beam fixation mode. Then the piezoelectric model can be a simply supported beam or cantilever beam again. Data like natural frequency and maximum voltage can be acquired again. After several tries, the exciting force amplitude is set to 1 mm in the experiments and accompanied by a wide exciting frequency range since the natural frequency of the PCP model is unknown to us at first. The electric energy generated by a PCP usually cannot power ordinary loads (such as a microcontroller unit) due to its high voltage and ultra-low current, so the methods of using a load resistance to consume electric power or storing electric energy with a reservoir like a capacitor are the two main techniques to calculate the quantity of electricity. In this paper, a super capacitor was adopted to store the electric energy generated by PCP due to its high energy density, stable performance, fast-charging speed and high efficiency [27] . The alternating current (AC) needs to be stabilized by rectifying, filtering and regularizing before charging the super capacitor. For the aim to reduce electric energy loss, the step of regularizing the AC was removed. Figure 13 displays the circuit schematic diagram and its circuit board. The capacitance of the adopted super capacitor is 0.1 F. The way to calculate the electric energy stored in super capacitor are deduced as follows. Equations (1) and (2) are the expression of power and electric energy, respectively:
And the expression of electric energy can develop to another form as follows:
where:
As the capacitance of a super capacitor is constant, the quantity of electric energy that the capacitor stored can be obtained if the initial and final voltages are known. In the experiments, the time to charge the super capacitor was set to 2 min and the voltage of super capacitor was recorded at the beginning and the end of the test. Then the electric energy quantity that super capacitor stored in 2 min can be acquired through calculation of Equation (3), which can also indicate the average generation power of PCP in the 2 min.
Simply Supported Beam Fixation Mode
In this part, we first set the vibration test rig to sweep the frequency working mode to obtain the maximum voltage and its corresponding exciting frequency of each PCP in the simply supported beam fixation mode. According to the simulation results, the exciting frequency value is just the natural frequency value of the PCP when the generated voltage reaches its peak. In order to get the maximum power of each PCP, then we use the natural frequency (or exciting frequency that makes the voltage reach its peak) of each PCP as the excitation frequency to excite each PCP for 2 min and the exciting force amplitude is set to 1 mm. With the help of a rectifying and filtering board and a super capacitors board, the maximum power generation of every PCP with different mass block weights is recorded.
As displayed in Figure 14 , the maximum voltages of 12 groups of PCPs affixed with different mass blocks all remain between 18 V and 31 V. Compared with Figure 6 in Section 3, the voltages in both the simulations and experiments decrease with the increase of weight of the mass block, though the dropping speed of the maximum voltage in the experiments is slower than that in the software simulation. Figure 15 indicates that excitation frequencies at the maximum voltage generated by the The way to calculate the electric energy stored in super capacitor are deduced as follows. Equations (1) and (2) are the expression of power and electric energy, respectively:
where: ipξq " dQ dξ " c dupξq dξ .
As displayed in Figure 14 , the maximum voltages of 12 groups of PCPs affixed with different mass blocks all remain between 18 V and 31 V. Compared with Figure 6 in Section 3, the voltages in both the simulations and experiments decrease with the increase of weight of the mass block, though the dropping speed of the maximum voltage in the experiments is slower than that in the software simulation. Figure 15 indicates that excitation frequencies at the maximum voltage generated by the PCP decrease with the increase of weight of the mass block affixed on the PCP. Compared with Figure 4 in Section 3, these results coincide well with each other. Figure 15 also demonstrates that the natural frequency has a great impact on the maximum generation power of a PCP, because the maximum generation power of the PCP drops very rapidly with the decrease of natural frequency. As for the unsmooth part of the maximum generation power when the weight of the mass block equals 15 g and 18 g in Figure 15 , the glue between PCP and mass block could be the reason for that as it can changed the characteristics of the PCP. Figure 15 also demonstrates that the natural frequency has a great impact on the maximum generation power of a PCP, because the maximum generation power of the PCP drops very rapidly with the decrease of natural frequency.
As for the unsmooth part of the maximum generation power when the weight of the mass block equals 15 g and 18 g in Figure 15 , the glue between PCP and mass block could be the reason for that as it can changed the characteristics of the PCP. 
Cantilever Beam Fixation Mode
Settings in this part are consistent with the above settings, maximum voltage and its corresponding exciting frequency, maximum generation power are all obtained. As shown in Figure 16 , the maximum voltage of the selected commercial PCP can reach 40 V and the voltages generated by 12 groups of PCPs affixed with different mass blocks all ranged from 35 V to 40 V. Compared with Figure  10 in Section 4, their variation ranges are both small. As for the lower voltage in the experiments, manufacture limitations and experimental errors are the main reasons. Figure 17 demonstrates that the excitation frequencies at maximum voltage generated by the PCPs decrease with the increase of Figure 15 also demonstrates that the natural frequency has a great impact on the maximum generation power of a PCP, because the maximum generation power of the PCP drops very rapidly with the decrease of natural frequency.
Settings in this part are consistent with the above settings, maximum voltage and its corresponding exciting frequency, maximum generation power are all obtained. As shown in Figure 16 , the maximum voltage of the selected commercial PCP can reach 40 V and the voltages generated by 12 groups of PCPs affixed with different mass blocks all ranged from 35 V to 40 V. Compared with Figure  10 in Section 4, their variation ranges are both small. As for the lower voltage in the experiments, manufacture limitations and experimental errors are the main reasons. Figure 17 demonstrates that the excitation frequencies at maximum voltage generated by the PCPs decrease with the increase of 
Settings in this part are consistent with the above settings, maximum voltage and its corresponding exciting frequency, maximum generation power are all obtained. As shown in Figure 16 , the maximum voltage of the selected commercial PCP can reach 40 V and the voltages generated by 12 groups of PCPs affixed with different mass blocks all ranged from 35 V to 40 V. Compared with Figure 10 in Section 4, their variation ranges are both small. As for the lower voltage in the experiments, manufacture limitations and experimental errors are the main reasons. Figure 17 demonstrates that the excitation frequencies at maximum voltage generated by the PCPs decrease with the increase of weight of the mass block affixed on the PCP. Compared with Figure 8 , their variation trends are almost the same. Therefore, the results from experiments in cantilever beam fixation mode are similar to the simulation results. At the same time, the excitation frequency corresponding to the maximum voltage in the experiment can be treated as the natural frequency of PCP model as well.
weight of the mass block affixed on the PCP. Compared with Figure 8 , their variation trends are almost the same. Therefore, the results from experiments in cantilever beam fixation mode are similar to the simulation results. At the same time, the excitation frequency corresponding to the maximum voltage in the experiment can be treated as the natural frequency of PCP model as well. In addition, comparing the maximum generation power in simply supported beam and cantilever beam fixation mode, the following conclusions can be made:
(1) The natural frequency of the PCP in simply supported beam mode is larger than that in cantilever beam fixation mode. (2) The maximum generation power is much higher than that in cantilever beam fixation mode. (3) The natural frequency determines the maximum generation power of a PCP. (4) During the experiments, we noticed that the maximum generation power and maximum voltage in simply supported beam fixation mode are very sensitive to the exact excitation frequency as a small deviation in excitation frequency may cause it to generate far from the maximum power, but the excitation frequency range in cantilever beam fixation mode is wider. In addition, comparing the maximum generation power in simply supported beam and cantilever beam fixation mode, the following conclusions can be made:
(1) The natural frequency of the PCP in simply supported beam mode is larger than that in cantilever beam fixation mode. (2) The maximum generation power is much higher than that in cantilever beam fixation mode. (3) The natural frequency determines the maximum generation power of a PCP. (4) During the experiments, we noticed that the maximum generation power and maximum voltage in simply supported beam fixation mode are very sensitive to the exact excitation frequency as a small deviation in excitation frequency may cause it to generate far from the maximum power, but the excitation frequency range in cantilever beam fixation mode is wider.
Comparison Results and Guidelines for Application of PCP
According to the simulation and experimental statistics described above, the natural frequency of the PCP in simply supported beam fixation mode is higher; the natural frequencies of PCPs affixed with mass block range were 200-400 Hz in simulations and 50-120 Hz in experiments. Furthermore, the deformations of PCPs in simply supported beam fixation mode are relatively small, causing the maximum voltages generated by PCPs to be relatively low, but the maximum generation power in experiments astonished us; the maximum generation power from every PCP in simply supported beam fixation mode is larger than that in cantilever beam fixation mode. However, experiments in simply supported beam fixation mode showed that maximum generation power and maximum voltage are very sensitive to the exact excitation frequency, because a small deviation can result in an ultra-low generation power compared with the maximum generation power.
As for the cantilever beam fixation mode, the natural frequencies of PCPs are relatively low. Most of the natural frequencies of PCPs with different length-width ratios are no more than 50 Hz in both simulations and experiments, nevertheless the deformations of PCPs are relatively large, resulting in a great increase in generated voltage; the maximum voltages generated by PCPs can reach as high as 138 V in simulations and a peak voltage of 40 V in experiments. Beside, the excitation force frequency for achieving maximum voltage and maximum power generation is wider. However, attention should be paid on the strength of the PCP since a large deformation may break it. Compared with PCPs in simply supported beam fixation mode, the maximum generation power by PCPs in cantilever beam fixation mode is pretty low; most of the maximum generation powers in cantilever beam fixation mode are no more than 0.01 mW, but the majority of maximum generation powers in simply supported beam fixation mode exceed 1 mW.
Wireless sensor nodes could be placed anywhere in our daily life, for the aim to make it work properly with a long working lifespan, fixation mode and adjusting method must fit the exciting source to generate maximum capacity. As shown in Table 2 , the frequencies of exciting source in popular use range at 60-200 Hz, and the accelerations range at 0.5-10 m 2 /s, which can provide instructions for practical applications of PCP [2] . Therefore, cantilever beam fixation mode is a reasonable choice in practical applications when the excitation frequency is variable and below 50 Hz. The length-width ratio is a good parameter to rectify the natural frequency of PCPs for the aim of achieving resonance and optimal power generating capacity. At the same time, attention should be paid to the strength of the PCP as higher power generation capacity means larger deformation and being easier to break. When the excitation frequencies are higher than 50 Hz, the simply supported beam fixation mode is a better choice as it is easier to resonate. Its output voltage may be low, but its maximum generation power is much higher. Adjusting the length-width ratio can be also adopted to modify the natural frequencies of PCPs to obtain the maximum power generation capacity. Furthermore, the deformation of the PCP adopting simply supported beam fixation mode is relatively small, which provides a long-time and stable operation. Thus, wireless sensor nodes with piezoelectric energy harvester in simply supported beam fixation mode can have a longer working lifespan. Also, we must pay attention to the excitation force frequency, because a small deviation from the exact excitation frequency may cause unexpected low power generation efficiency.
